reported 2 experiments in which they manipulated phonotactic properties of nonword stimuli and observed the effects on serial recall. Their results show superior recall for items consisting of more frequent phoneme pairs (biphone frequency). Biphone frequency was counted as the number of 3 phoneme words in which the phoneme pair occurs. In the first experiment of the current article, the authors made the same manipulation while controlling for the number of lexical neighbors and found no effect of biphone frequency. In the second experiment, the authors manipulated neighborhood size while controlling biphone frequency and found a significant effect of neighborhood size. The authors argued that serial recall of nonwords is influenced by lexical rather than sublexical knowledge.
There has recently been considerable interest in the possible role of long-term memory in the immediate serial recall task as a means of investigating the manner in which long-term and short-term memory may interact. Attention has focused particularly on the contribution of phonological information in long-term memory to performance in the immediate serial recall task. Studies have shown that serial recall of words is better than serial recall of nonwords (Hulme, Maughan, & Brown, 1991) and that memory span is higher for lists of high-frequency than low-frequency words (Hulme et al., 1997) . These effects have been attributed to a redintegration process in which degraded traces retrieved from short-term memory are reconstructed with the aid of information in phonological long-term memory. Hulme et al. (1997) argued that this process makes use of the representation of phonological wordforms. They argued that high-frequency words are recalled better than low-frequency words because they have an advantage in this process because of their greater accessibility in long-term memory.
Evidence for a long-term memory influence on the serial recall of words has recently been complemented by the findings of Gathercole, Frankish, Pickering, and Peaker (1999) on the serial recall of nonwords. They were interested in the influence of phonotactic structure-the particular sequence of phonemes in an item-on verbal short-term memory. They reported two experiments in which participants recalled a list composed of consonantvowel-consonant (CVC) nonwords that were defined as either high or low in biphone frequency. Nonwords that were high in biphone frequency were constructed by selecting CV and VC pairs that occur in many English single-syllable words, whereas nonwords low in biphone frequency contained CV and VC pairs that occur in relatively few words. The results showed an advantage for the recall of lists of CVC nonwords in which the nonwords were high in biphone frequency. Schweickert (1993) described a model of serial recall that included two redintegrative processes by which degraded short-term memory traces could be reconstructed. He suggested that one process produces a lexical representation, whereas the second process operates on a sublexical level and produces a sequence of phonemes. Gathercole et al. (1999) argued that the effect of biphone frequency occurs when knowledge of the phonotactic structure of the language is used in this sublexical reconstruction process. That is, the sublexical redintegration process is more likely to produce high-frequency than low-frequency phoneme sequences, giving these items an advantage.
The manipulation of phonotactic structure made by Gathercole et al. (1999) was done by examining the single-syllable words in the CELEX database (Baayen, Piepenbrock, & Van Rijn, 1993) and counting the number of times each possible phoneme pair occurred. So, for the VC pair of a nonword, the biphone frequency is simply the number of words in the database that have that VC pair. These words can be regarded as phonological neighbors of the nonword (Luce, Pisoni, & Goldinger, 1990) . If a neighbor is defined as any word that differs from the nonword by a single phoneme, then the biphone frequency counts used by Gathercole et al. provide an index of the number of neighbors the nonword has that share the CV or VC with it. For example, the nonword rin has bin as a VC neighbor and rib as a CV neighbor. As this only leaves out neighbors that share the two consonants (such as ran, in this example), the measure of biphone frequency used by Gathercole et al. is likely to be confounded with the number of neighbors the nonword has.
1 This is important because it leaves open the issue of whether the effect attributed to knowledge of the phonotactic structure of language is actually due to an influence of lexical items. Roodenrys, Lethbridge, and Nimmo (2000) recently demonstrated that neighborhood size (i.e., the number of neighbors a word has) has a facilitatory effect on the serial recall of CVC words. They examined recall of individual words in the immediate serial recall task and showed that words with more neighbors were more likely to be recalled correctly. Therefore, it seems possible that the effects reported by Gathercole et al. (1999) may actually be due to the influence of lexical neighbors on the recall process. The following two experiments were conducted to disconfound biphone frequency and neighborhood size and to determine which is responsible for the effect.
Experiment 1
The first experiment manipulated biphone frequency while controlling for neighborhood size. Apart from the additional limitation imposed by controlling for neighborhood size, the construction of the trials and the procedure for the experiment were the same as that of Gathercole et al. (1999) . If the serial recall of nonwords is supported by phonotactic knowledge, the results of this experiment should replicate their results.
Method
Participants. Twenty first-year psychology students from the University of Wollongong, participated in the experiment in compliance with a course requirement.
Materials. All the stimuli used were CVC nonwords and were selected on the following basis. Biphone frequency and neighborhood size counts were based on all of the single-syllable words in the CELEX psycholinguistic database, excluding those with a frequency of 0 (Baayen et al., 1993) . Two sets of 20 nonwords were selected so as to manipulate the total biphone frequency of the items while controlling for neighborhood size. Total biphone frequency was calculated as the number of times the CV and VC pairing occurred in the single-syllable words in the CELEX database. The low biphone frequency set had a mean frequency of 13.15 (SD ϭ 2.03), whereas the high biphone frequency set had a mean frequency of 21.55 (SD ϭ 2.26). The t tests demonstrated a significant difference between high and low frequency conditions, t(38) ϭ 12.36, p Ͻ .01, whereas neighborhood size did not differ between the two conditions (low ϭ 26.4 and high ϭ 25.8), t(38) ϭ 0.70. In selecting the stimuli, an attempt was made to match phonemes across the conditions. The two conditions shared 90% of C 1 phonemes, 75% of V phonemes, and 60% of C 2 phonemes. The biphone frequency for the C 1 V combination was significantly different across frequency conditions, t(38) ϭ 2.61, p Ͻ .05, as was the biphone frequency for VC 2 , t(38) ϭ 3.05, p Ͻ .01. The stimuli, with an International Phonetic Alphabet (IPA) transcription, and associated values on the variables are given in the Appendix.
The 20 items in each condition were divided into five lists of four items such that no phoneme occurred twice in the same list. A second set of five lists was created by rearranging the items in different combinations such that no item occurred in the same position in the two sets of lists. This produced two blocks of five lists per condition. Participants were presented with the first block of both conditions before the second blocks were presented. The order of conditions and blocks were counterbalanced across participants and the order of trials within each block was randomized for each participant. A set of five practice trials preceded the experiment. These consisted of CVC nonwords not used in the experimental stimuli sets.
All items in Experiment 1 were recorded by a female speaker and digitized onto a Macintosh computer that was used to control the experiment. Items were presented through an amplified external speaker and responses were recorded on an audio cassette recorder from a microphone positioned in front of the participant.
Procedure. Each participant was tested individually in a single session lasting no more than 20 min. Participants were informed that they would be listening to lists of four items and that these items would be nonsense words. They were instructed to listen to each list and repeat it back in order as soon as the list was finished. Each memory list was presented over a speaker, at the rate of one item per second. After the participant responded, the experimenter began a new trial. Responses were recorded on an audio cassette recorder and the recording was later transcribed into correct or incorrect phonetic responses by the experimenter. Participants received five practice trials before the first experimental set.
Speech rate for the items in each condition was measured after the recall tasks. A stopwatch was used to record how long participants took to repeat pairs of nonwords as quickly as possible 10 times. The 20 stimuli were randomly paired for each participant giving 10 observations that were averaged and converted to items per second for each condition.
Results and Discussion
The mean number of items recalled for the two conditions by trial block are shown in Table 1 . These data were subjected to a 2 ϫ 2 repeated, measures analysis of variance (ANOVA) with biphone frequency and trial block as the two factors. Neither of the main effects nor the interaction were significant; biphone frequency, F(1, 19) ϭ 2.77, MSE ϭ 7.94, p Ͼ .10, block, F(1, 19) ϭ 1.07, MSE ϭ 7.87, p Ͼ .10; interaction, F(1, 19) ϭ 0.18, MSE ϭ 7.09, p Ͼ .10.
The mean speech rate for the high biphone frequency items was 3.03 items per second, whereas the mean speech rate for the low biphone frequency items was 3.32. This difference was significant on a paired t test, t(19) ϭ 4.33, p Ͻ .01. Figure 1 shows the relationship between speech rate and memory performance for the two conditions, averaged across blocks, with data plotted for each participant. It is clear from Figure 1 that there is little relationship between speech rate and memory span, so the small difference observed in speech rate has little impact on memory performance in the two conditions. Overall, the results suggest that biphone frequency does not have a significant effect on the serial recall of nonwords when neighborhood size is controlled for. Although the effect of frequency on recall has an associated p level only a little above .10, it should be noted that the direction of the effect is the opposite of that reported by Gathercole et al. (1999) . In Experiment 2 we sought to determine if neighborhood size would influence recall of nonwords when biphone frequency was controlled.
Experiment 2
Method
Participants. Twenty first-year psychology students from the University of Wollongong participated in the experiment in compliance with a course requirement.
Materials. The stimuli were selected such that the items in the small neighborhood condition had a mean neighborhood size of 9.60 (SD ϭ 2.06), and the large neighborhood-size set had a mean of 18.60 (SD ϭ 1.85). The t tests demonstrated a significant difference between small and large neighborhood size conditions, t(38) ϭ 14.54, p Ͻ .01, whereas total biphone frequency was equated across the two conditions (small ϭ 5.90 and large ϭ 6.20), t(38) ϭ 0.34, ns. Again, an attempt was made to match phonemes across the conditions. The two conditions shared 80% of C 1 phonemes, 80% of V phonemes, and 45% of C 2 phonemes. The biphone frequency for the C 1 V and VC 2 pairs were not significantly different across neighborhood size conditions.
Procedure. The procedural details were the same as for Experiment 1, with the exception that, due to an oversight, speech rate was measured for only 8 of the 20 participants.
Results
The mean number of items recalled for the two conditions by trial block are shown in Table 1 . These data were subjected to a 2 ϫ 2 repeated-measures ANOVA, with neighborhood size and trial block as the two factors. The effect of neighborhood size was highly significant, F(1, 19) ϭ 48.01, MSE ϭ 4.54, p Ͻ .01. There was no effect of trial block, F(1, 19) ϭ 0.08, MSE ϭ 6.03, ns, and no interaction, F(1, 19) ϭ 0.19, MSE ϭ 4.27, ns.
The mean speech rate for the large neighborhood size items was 3.19 items per second, whereas the mean speech rate for the small neighborhood size items was 3.02. This difference was not significant on a paired t test, t(7) ϭ 1.88, p Ͼ .10. The results of this experiment show a strong effect of neighborhood size on serial recall of nonwords when biphone frequency is controlled.
General Discussion
The results of these experiments show a large effect of neighborhood size on serial recall of nonwords but no significant effect of biphone frequency. This suggests that the effect of biphone frequency on the recall of nonwords reported by Gathercole et al. (1999) was actually due to neighborhood size, which was not controlled for.
The implication of these results for theories of serial recall are quite clear. The fact that neighborhood size had a large effect on the probability of recall while biphone frequency had a negligible effect implies that the long-term memory contribution to serial recall of these items comes from lexical representations rather than phonotactic knowledge. This argues against the suggestion that there is a sublexical redintegrative process that operates on degraded traces retrieved from short-term memory (Gathercole et al., 1999; Schweickert, 1993) .
The results are consistent with the notion that the presentation of a short nonword results in the partial activation of words that are phonologically similar to it in long-term memory. The activation of these words supports recall of the nonword from short-term memory. It is possible that this support occurs in a redintegrative process, which, although it makes use of lexical representations, does not always produce a lexical entry as the output. In fact, the rate of word intrusions in these experiments is surprisingly high (between 13% and 18% of items presented) but does not differ significantly between conditions. This suggests that the lexical contribution is often strong enough to overcome any strategic bias against recalling a word (because the participants know that all of the items are nonwords).
The fact that Roodenrys et al. (2000) found a similar, though small, facilitative effect of neighbors on the serial recall of words supports the view that a single redintegrative process using information in long-term memory operates in the recall of both words and nonwords. However, in the case of words, the aim of this process is to produce a lexical item from the degraded short-term memory trace, whereas for nonwords this is not the case. This is consistent with an account based on a multiple level of representation model such as that put forward by Martin and her colleagues (e.g., Martin, Lesch, & Bartha, 1999; Martin, Shelton, & Yaffee, 1994 ) based on Dell's (1986) model of speech production. By this account, units corresponding to semantic features, lexical nodes, and phonemes may be active in long-term memory during the recall task. When a word is to be recalled, the lexical representation of that item is most strongly activated, although similar words may be partially activated. If this activation is passed down to a phonemic level in a cascaded fashion (i.e., nodes only need to be active to pass on activation rather than achieve a certain threshold), the number of similar word nodes activated may have a small effect on the activation levels of phoneme units. However, when a nonword is to be recalled, no single lexical item is strongly activated and the potential effect of having many, as opposed to few, similar lexical items activated could be much larger. A recall process based on the activation level of the phoneme nodes would show a small neighborhood size effect for words and a larger effect for nonwords.
Although these results are consistent with the idea that longterm memory contributes to serial recall through a redintegrative process at output, they do not rule out alternative accounts. For example, it is possible that long-term memory supports the activation of phonemic patterns in short-term memory throughout the task. Hulme et al. (1997) found that the frequency effect is greater at later serial positions and argued that this supports a redintegrative account of the long-term memory effect. There is insufficient data in these experiments to examine whether the pattern for the neighborhood effect on the recall of nonwords is the same as the frequency effect for words. Given the constraints of manipulating and controlling different variables in these experiments, it was not possible to have a large set of stimuli. Future studies should be able to investigate neighborhood size effects across serial position, using a greater number of stimuli, by not controlling biphone frequency. It should also be noted that these studies used adult participants, whereas Gathercole et al. (1999) used children. However, adults' greater exposure to language might be expected to make them more sensitive than children to phonotactic variables, rather than less sensitive.
If these experiments do not shed any further light on the locus of the long-term memory contribution to immediate serial recall, they do clearly show that the contribution to the recall of nonwords is lexically based. They do not support the suggestion that phonotactic knowledge contributes to the recall of nonwords from shortterm memory.
